We have previously demonstrated that the retinoblastoma gene family, Rb, p107 and p130, is differentially expressed during mouse embryogenesis. Here we show that this gene family is coordinately regulated in the mammary luminal epithelium. Expression of Rb, p107 and p130 in the epithelial compartment is low in nulliparous female mice and early stages of pregnancy but is induced at mid-pregnancy and peaks at lactation. During involution p107 expression is lost whereas expression pRb and p130 persist. The induction of this gene family at mid-pregnancy accompanies the expression of b-casein. However, whereas b-casein transcripts are confined to the lobuloalveolar compartment, the Rb gene family is expressed both in lobuloalveoli and ducts. The co-expression of the Rb family in the mammary gland may allow functional compensation among these family members. This in turn may explain the recent observations that loss of Rb alone in the mammary gland is inconsequential, whereas overexpression of cyclin D1 or SV40 large T antigen, which can abrogate all members of the pRb protein family, induces mammary gland carcinogenesis. q
Results and discussion
The Rb pathway comprises pRb, cyclin D1, its associated kinases (cdk4/6) and their specific inhibitors (e.g. p16 INK4a ) (Sears and Nevins, 2002) . One conundrum in the Rb field is that different components of the Rb pathway (i.e. p16
INK4a , cyclinD1, Cdk4 or pRb) are altered preferentially in different tumors (Weinberg, 1995) . For example, Rb is often mutated in small cell lung carcinoma (Mori et al., 1990; Yokota et al., 1988) , whereas in breast cancer, Rb is frequently intact but cyclin D1 is elevated (Buckley et al., 1993) . One possible explanation is that the expression levels of the pRb relatives, p107 and p130 (Mulligan and Jacks, 1998) , dictate whether loss of Rb alone is sufficient or whether the combined loss of all pRb protein family (by activation of cyclin D1, cdk4 or inactivation of p16 INK4a ) is required. In situ hybridization analysis from our group has shown that the Rb gene family is differentially expressed in the mouse during embryogenesis (Jiang et al., 1997) . For examples, the developing liver expresses all members of the Rb family; in the nervous system, p107 is expressed in the mitotic zone and Rb is expressed both in mitotic and post-mitotic areas, whereas during myogenesis Rb is exclusively expressed at high levels. Nonetheless, genetic analysis established that this gene family shares some overlapping activities. For instance, inactivation of both Rb and p107 in the mouse accelerates apoptosis in the nervous system and hematopoietic lineage and induces early embryonic lethality (Lee et al., 1996) . Moreover, while loss of Rb alone during embryogenesis has little effect on retinal development, combined inactivation of both Rb and p107 leads to retinoblastoma (Robanus-Maandag et al., 1998) . Since co-expression may allow functional compensation, we herein determined the expression patterns of Rb, p107 and p130 during mammary gland development.
To extend our previous analysis of Rb expression in the mammary gland (Jiang and Zacksenhaus, 2002) , we have analyzed multiple stages of development, pregnancy, lactation and involution ( Fig. 1) . Rb transcripts, revealed by in situ hybridization analysis, were virtually undetectable in the luminal epithelium in nulliparous females (Fig. 1) . Immunohistochemistry (IHC) showed episodical expression of pRb in some rare luminal epithelial cells at this stage (Fig. 1) . Rb expression became elevated at mid-pregnancy and peaked at lactation and involution (Fig. 1) . The induction of Rb expression at mid-pregnancy coincided with the activation of b-casein, a milk gene (Fig. 2) . However, whereas b-casein was expressed exclusively in the lobuloal-veolar compartment, Rb was expressed both in lobuloalveoli and ducts (Fig. 2) .
Despite the low expression of Rb transcripts in nulliparous females (Figs. 1 and 2 ), the pRb protein was readily detected by Western blot analysis of proteins extracted from whole mammary glands (Fig. 3A) . In addition to the epithelium compartment, the mammary fat pad contains adipocytes and fibroblasts and pRb may be expressed at low level in these cells as well.
Next, we extended the analysis to include other members of the Rb gene family. Western blot analysis with protein lysates obtained from whole mammary glands revealed that expression of pRb, p107 and p130 was similar at various stages including ductal morphogenesis, pregnancy and lactation (Fig. 3A) . However, expression of p107 was reduced at the second day of involution and completely absent by day 6. In contrast, expression of pRb and p130 remained relatively the same at day 2 and 6 of involution. Interestingly, the phosphorylation status of p130 was modulated during pregnancy and lactation as evident from the appearance of a slower migrating band at these stages.
To corroborate these results we performed in situ hybridization analysis of p107 and p130 on adjacent sections shown for Rb of Fig. 1 . Remarkably, expression of these Rb-related genes was virtually indistinguishable from that of Rb in nulliparous, pregnant, lactating, and early involuting glands (compare Figs. 1 and 3B ). In agreement with the decreased protein expression at involution day 6 (Fig. 3A) , the p107 signal appeared significantly reduced compared to Rb and p130 at this stage.
Recent transplantation analyses of Rb mutant mammary anlagen revealed that loss of Rb has little effect on mammary gland development or tumorigenicity (Robinson et al., 2001 ). In contrast, transgenic mice expressing SV40 large T, or cyclin D1 in the mammary gland, hence deprived of functional pRb protein family, succumb to mammary adenocarcinoma (Li et al., 1996; Wang et al., 1994) . Our observations that the Rb gene family in coordinately expressed in the mammary gland during most stages of development suggest that loss of pRb alone may be insufficient because of functional compensation by p107 and p130. One prediction from this model is that tissue lineages that give rise to tumors with mutations in Rb (e.g. small cell lung carcinoma) should exhibit relatively low levels of p107 and p130. Conceivably, however, the effects of inactivating pRb alone versus the entire pRb protein family may be dictated not only by their relative expression levels in a given tissue but also by the relative expression of their target proteins (e.g. E2F, Id2, etc.) . If this were the case, it would be difficult to confirm this model as the number of pRb-binding factors is remarkably high (Morris and Dyson, 2001) .
In summary, our results indicate that the Rb gene family is coordinately regulated during mammary gland development and pregnancy, and provide a possible explanation for the fact that inactivation of the entire Rb gene family, but not Rb alone, is required to induce mammary adenocarcinomas. Combined re-activation of pRb, p107 and p130 may provide an effective means to suppress breast cancer as recently illustrated for some oncogenic pathways in the mammary gland (Yu et al., 2001 ).
Z. Jiang, E. Zacksenhaus / Mechanisms of Development 119S (2002) S39-S42 S40 Fig. 1 . Induction of Rb transcripts and protein at mid-pregnancy in the mammary gland luminal epithelium. Shown are dark field images of radioactive in situ hybridization (ISH) and immunohistochemical (IHC) analyses. Red arrowheads indicate mammary gland structures. Green arrows point to examples of rare pRb-positive epithelial cells. P, pregnancy; Lac., lactation; Inv., involution; LA, lobuloalveoli; FP, fat pad.
Experimental procedures

Animals and tissue processing
The morning of vaginal plug observation was considered as pregnancy day 0.5. Involution was induced at day 10 of lactation by forced-weaning. Left inguinal mammary glands (#4) were fixed overnight in 4% paraformaldehyde, treated with 1 £ PBS, saline, 50% ethanol and 70% ethanol (in saline), paraffin-embedded and sectioned (8 mm).
In situ hybridization
In-situ hybridization with Rb, p107 and p130 was performed exactly as described (Jiang et al., 1997 (Jiang et al., , 2000 , except that the last two washes in 2 £ SSC and 0.1 £ SSC were performed at 55 8C (instead of 37 8C) to eliminate any background. After washes, the sections were counterstained with Toluidine Blue. Rb, p107 and p130 probes were used at 2 £ 10 5 cpm/ml; b-casein at 5 £ 10 4 cpm/ml.
IHC and Western blots
pRb (C-15) polyclonal antibodies from Santa Cruz was diluted 1:50 and used as described (Jiang and Zacksenhaus, 2002) . IHC with p107 and p130 antibodies (Santa Cruz) were inconclusive even after sections were pressure-cooked to unmask antigens. Western blots for pRb, p107 and p130 were performed as in Jiang et al. (1997 Jiang et al. ( , 2000 . Protein lysates were prepared in the presence of phosphatase inhibitors. Rabbit polyclonal antibodies Rb (C15), p107 (C18) and p130 (C20) were purchased from Santa Cruz and were used at 0.5 mg/ml. Fig. 3 . Expression of p107 and p130 is also co-induced at mid-pregnancy. (A) Western blot analysis of pRb, p107, p130 and Keratin 18 (K18) using protein lysates from whole mammary glands at the indicated stages. (B) Dark field images of in situ hybridization analyses of p107 and p130 at the indicated stages of mammary gland development. Abbreviations as in Fig. 1 .
